The dominance of a single native state for most proteins under ambient conditions belies the functional importance of higherenergy conformational states (excited states), which often are too sparsely populated to allow spectroscopic investigation. Application of high hydrostatic pressure increases the population of excited states for study, but structural characterization is not trivial because of the multiplicity of states in the ensemble and rapid (microsecond to millisecond) exchange between them. Sitedirected spin labeling in combination with double electron-electron resonance (DEER) provides long-range (20-80 Å) distance distributions with angstrom-level resolution and thus is ideally suited to resolve conformational heterogeneity in an excited state populated under high pressure. DEER currently is performed at cryogenic temperatures. Therefore, a method was developed for rapidly freezing spin-labeled proteins under pressure to kinetically trap the highpressure conformational ensemble for subsequent DEER data collection at atmospheric pressure. The methodology was evaluated using seven doubly-labeled mutants of myoglobin designed to monitor selected interhelical distances. For holomyoglobin, the distance distributions are narrow and relatively insensitive to pressure. In apomyoglobin, on the other hand, the distributions reveal a striking conformational heterogeneity involving specific helices in the pressure range of 0-3 kbar, where a molten globule state is formed. The data directly reveal the amplitude of helical fluctuations, information unique to the DEER method that complements previous rate determinations. Comparison of the distance distributions for pressure-and pH-populated molten globules shows them to be remarkably similar despite a lower helical content in the latter.
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EPR | dipolar spectroscopy | compressibility A lthough a well-defined native state is dominant for most proteins under physiological conditions, excited states involving large (multiangstrom) conformational changes relative to the native state have been shown to play critical roles in biological function (1) (2) (3) . Even for low-lying excited states with relative energies on the order of a few kilocalories (1 kcal = 4.184 kJ) per mole, the equilibrium population is too small to be characterized by most spectroscopic methods, but such states can be reversibly populated by hydrostatic pressure (4) (5) (6) (7) (8) (9) . It is generally agreed that the mechanism for population of excited states by pressure is hydration of cavities in the excited state relative to the ground state (10) (11) (12) , but other mechanisms are possible (13) . The pressures required to populate low-lying excited states are typically a few kilobars, corresponding to perturbation energies of a few kilocalories per mole. At these low energies, pressure should not strongly remodel the energy landscape itself but simply shift the relative population of preexisting conformers (14) . Thus, pressure should be a powerful perturbation technique for studying functional excited states at equilibrium (15) .
With a funnel-shaped model for the energy landscape (16, 17) , an excited state populated by pressure will have a greater configurational entropy than the native state and is expected to consist of an ensemble of conformations in exchange on a time scale that in principle can span from nanoseconds to milliseconds and beyond (3, 18) . Structural characterization of the excited state thus is complicated by conformational heterogeneity, and how the ensemble is viewed depends on the intrinsic time scale of the experimental method used relative to the protein dynamics. High-pressure crystallography cannot reveal conformational equilibria directly because of lattice interactions that select a particular conformation, but it has been used to monitor compressibility in the crystal environment (15) . Solution NMR has played a central role in illustrating the utility of high pressure in the study of the excited-state conformational ensemble, both in elucidating the physical basis for pressure effects and revealing the structure and dynamics of excited states in small, soluble proteins (11, 19) . However, because of the time scale of the NMR experiment, conformational exchange on the microsecond time scale can limit information to average structures, whereas relaxation effects caused by exchange on the millisecond time scale can cause extreme broadening and loss of peaks in the commonly used 1 H-15 N heteronuclear single-quantum coherence (HSQC) spectrum (20) . Moreover, the application of these methods to the interesting case of membrane proteins with a high molecular mass in a native environment is challenging.
Conformational exchange is slow on the time scale of sitedirected spin-labeling (SDSL) EPR, and continuous wave (CW) EPR spectra can provide a view of conformational equilibria frozen in time (21, 22) , but the spectral resolution is insufficient to resolve all states present, and there is no information on the scale of structural differences between various conformations. However, double electron-electron resonance (DEER) spec-troscopy (23, 24) in combination with SDSL can identify the individual states with high resolution and provide a length scale to compare structural differences. DEER spectroscopy determines long-range distance distributions (20-80 Å) between pairs of spin-labeled side chains selectively introduced in proteins. With a judiciously selected set of spin-labeled pairs, structural models can be checked and conformational changes detected with angstrom-level resolution (25) . In the DEER experiment, the sample is flash-frozen, and data are acquired at cryogenic temperatures (50-80 K) (24, 26, 27) . If different conformations are present in the sample, DEER will resolve each distinct distance and its probability distribution, thereby revealing the presence of heterogeneity, the magnitude of structural differences between members of the ensemble, and the inherent spatial order of each from the distribution width. Thus, SDSL-DEER is an ideal and unique spectroscopic technique for exploring the excited-state ensemble of proteins populated at high pressure. In order to use DEER with high pressure, an approach is introduced herein whereby the high-pressure equilibrium is kinetically trapped by flash-freezing samples under pressure followed by depressurization and subsequent data acquisition at 80 K.
In the present work, the above strategy is applied to the wellstudied protein myoglobin (Mb) both to validate the methodology and to provide information on the nature of pressure-populated species, particularly regarding structural heterogeneity and the amplitude of structural rearrangements relative to the native state. Apomyoglobin (apoMb) has an excited state (the molten globule, MG) that can be populated at atmospheric pressure at pH 4.1, enabling structure determination by solution NMR (28) . The pH 4.1 MG appears to be a folding intermediate of apoMb (29) and a true equilibrium state of the system, although it is present at very low concentrations at neutral pH (i.e., an excited state) (30) . The NMR data show that the MG retains much of the helical structure of the native state of apoMb populated at pH 6 but with fluctuations to nonhelical states in particular regions (31) . However, the NMR methods provided no information about the amplitude of the fluctuations, i.e., whether the nonhelical states involve large-scale unfolding or localized distortions.
If pressure does not alter the energy landscape substantially, the same MG state also should be populated at pH 6 with the application of high pressure. Indeed, solution NMR showed that pressurizing apoMb to 2 kbar at pH 6 produced a state accompanied by a loss of most cross-peak intensities in the 1 H-15 N HSQC spectrum, presumably because of the onset of global conformational exchange on the millisecond time scale. The state produced at 2 kbar was assumed to be an MG, but no information on the secondary or tertiary structure could be obtained because of the loss of cross peak intensity (20) . Recently, highpressure circular dichroism (CD) and SDSL together revealed that the MG state populated at 2 kbar, pH 6, has in fact the same helical content as the native state despite a tertiary fold that fluctuates on the millisecond time scale (13) . The higher helical content in pressure-populated MG (2 kbar, pH 6) than in the pH-populated MG (0 bar, pH 4.1) (13) and the loss of peak intensities in the HSQC observed in the former but not in the latter (20, 31) raise questions about the similarity of the pH-and pressure-populated species.
In the present study, distance distributions were determined for pairs of spin labels in Mb selected to monitor motions of the helical segments as a function of pressure. In holomyoglobin (holoMb) at pH 6, there is little pressure dependence. For apoMb at pH 6, the interspin distance distributions are relatively narrow (∼5-10 Å) at atmospheric pressure, but broad distributions (>25 Å) implying large-scale collective motions of particular helices are seen at 2 kbar. Remarkably, the distinctive distance distributions of the pressure-populated MG are very similar to those in the pH-populated MG, despite the differences between them noted above. We conclude that the global topology of the folds is similar in the MG states, although there are clear differences in the local dynamics that likely are related to the compressibility of the excited state.
Results
Trapping High-Pressure Equilibria for DEER Spectroscopy. For DEER distance mapping of high-pressure states of Mb, seven doublylabeled mutants were prepared containing the nitroxide side chain R1 (Fig. 1) . Solvent-exposed sites for R1 were selected in each helix to monitor distance distributions relative to a selected reference site. The reference sites are in helices whose positions in the structure apparently are independent of pressure; as shown in Fig. 1 , the selected sites are 31, 70, and 132 in helices B, E, and H, respectively.
Standard DEER methodology requires flash-freezing of a sample, typically in liquid nitrogen, and data acquisition at 50-80 K (25, 26, 32, 33) . To use DEER to monitor the structure of high-pressure states, a procedure is introduced here in which the pressurized sample is rapidly frozen in a dry ice/ethanol bath to 200 K. The frozen sample is then depressurized and cooled further to 77 K in liquid nitrogen for subsequent data acquisition at atmospheric pressure. This methodology is shown schematically in Fig. 2 , and the details are provided in Methods. The freezing rate to ∼223 K is more rapid in dry ice/ethanol than in liquid nitrogen (Fig. S1 ), because liquid nitrogen boils when the borosilicate sample tube initially is submerged in the bath, resulting in the formation of an insulating gas sheath around the tube.
The evidence reported to date indicates that the effects of flash-freezing in liquid nitrogen on R1 rotameric equilibria are minimal (32) and that conformational equilibria are effectively trapped (25, (34) (35) (36) (37) (38) (39) (40) (41) . To compare the efficacy of rapid freezing in dry ice/ethanol with that in liquid nitrogen, we directly compared DEER distance distributions at atmospheric pressure for each doubly-labeled mutant of apoMb and holoMb using the two freezing methods (Fig. S2 ). The distance distributions are nearly identical, indicating the equivalence of the methods with respect to both protein conformational equilibria and rotameric equilibria of the R1 side chain.
The glass transition temperature of the glycerol/water mixture used here is ∼150 K (42). Thus, it is possible that above this temperature, at 200 K, the conformational ensemble could relax after depressurization and before cooling to 77 K. Complete relaxation at 200 K during the time between depressurization and cooling to 77 K (∼3 min) is ruled out by the observation of distinct distance distributions for individual spin pairs held at different pressures before freezing to 200 K. However, to check for partial relaxation at 200 K, samples of 57R1/132R1 were pressurized to 2 kbar, frozen in dry ice/ethanol as described above, and depressurized. Then the samples were held at 200 K for 3, 10, or 120 min before further cooling to 77 K in liquid nitrogen for data acquisition. The resulting distance distributions are similar (Fig. S3A ), indicating that conformational relaxation does not occur at 200 K on the experimental time scale used here. Reversibility of pressure-populated changes was verified using a 57R1/132R1 sample prepared at 2 kbar, as described above. After data acquisition, the sample was thawed and refrozen at atmospheric pressure, and DEER was performed. The distance distribution is nearly identical to that for 57R1/132R1 at 0 bar, before pressurization ( Fig. S3B ), confirming the reversibility of the observed pressure-populated conformational changes.
DEER Distributions for HoloMb Suggest Local Regions of Compressibility
in an Otherwise Rigid Structure. Fig. 3 shows the backgroundcorrected dipolar evolution functions (Left) and the corresponding distance distributions (Center) for holoMb at pressures in the range of 0 bar to 3 kbar (gauge pressure; 0 bar gauge is atmospheric pressure). At atmospheric pressure, the distributions (shaded gray areas) are dominated by a single distance with distribution widths of ∼3-5 Å (FWHM), except for 41R1/ 132R1 and 31R1/87R1, which have broader bimodal distributions that likely arise from two conformations of the protein involving the helices C and F, respectively (Discussion). In all cases, the most probable distance corresponds closely to that for the R1 side chains modeled in the holoMb crystal structure [Protein Data Bank (PDB) ID code 2MBW] (43) . As the pressure is increased, there is a slight broadening of the distance distributions, but the relative populations at different distances are unchanged for most pairs (Fig. 3) . For 12R1/132R1, 31R1/70R1, 31R1/87R1, 70R1/ 106R1, and 70R1/132R1 the distance distributions are nearly superimposable up to 2 kbar, and only a slight degree of broadening in the distance widths is observed at 3 kbar (Fig. 3) , reflecting the incompressibility of holoMb.
Although the distance distributions for most pairs are nearly independent of pressure, the distributions for 57R1/132R1 and 41R1/132R1 exhibited a shift in populations toward longer distances at 2 kbar but without the appearance of additional populations; at 3 kbar, an additional population appears in 41R1/ 132R1 at ∼36 Å ( Removal of the heme to form apoMb produces structural changes relative to holoMb at atmospheric pressure (Fig. 3 , Right) sensed by interspin distance distributions. In all cases except for 12R1/132R1, the distributions are broadened and modified in shape relative to holoMb. The increase in distribution width reflects heterogeneity in the population relative to holoMb, which in turn mirrors increased flexibility and structural fluctuations at ambient temperature. In 31R1/87R1 the effect is extreme, with a dominant population appearing at a distance that is 15 Å shorter and the full distribution The bomb is depressurized, disconnected from the pressure intensifier, and submerged in the dry ice/ethanol bath. (E) The sample capillary is transferred to liquid nitrogen (blue) for cooling to 77 K in preparation for DEER data acquisition at 80 K. extending over a range of 25 Å. This result is consistent with the dynamic disorder in helix F, where 87R1 resides, as deduced from both NMR and SDSL in apoMb (22, 30) .
For the purposes of the present study, the effect of pressure at 2 kbar on apoMb is the most interesting, because 2 kbar is the pressure at which the putative MG state is populated, as inferred from extreme broadening in the HSQC NMR spectrum (20) and the appearance of multiple components in the EPR spectra of R1 (13) . There are detectable changes in the distance distributions for all R1 pairs at 2 kbar, but the effect is small for 70R1/132R1, and the most probable distance for 31R1/70R1 is unchanged, although there is a shift in relative populations. Moreover, the distance distributions for 31R1/70R1 and 70R1/ 132R1 display a total width of ∼10 Å, substantially narrower than that of any other spin pair in apoMb reported here at high pressure. Based on these data, we assign residues 31R1, 70R1, and 132R1 as reference sites located in helical segments that apparently do not change position substantially as a function of pressure up to at least 3 kbar (Fig. 3, Right) . These reference sites do not lack conformational flexibility, but they are spatially restricted on the angstrom-length scale. With this tentative assignment, and because the helical content of apoMb is unchanged up to 2.4 kbar (13), the interspin distance distributions can be discussed in terms of rigid body movement of helical segments relative to the reference sites.
In the context of the above model, helices B, E, and H (in which the reference sites reside) remain relatively localized at 2 kbar compared with atmospheric pressure; i.e., additional states with substantial populations and different structures do not appear. Helix A, monitored by 12R1 relative to the 132R1 reference, is not displaced at 2 kbar but has an increased spatial disorder indicated by the breadth of the distance distribution (Fig. 3A) . Helix F, monitored by 87R1 relative to the 31R1 reference, shows a dramatic shift in population from the main 20-Å peak at atmospheric pressure to a broad distribution of states spread from ∼20-50 Å at 2 kbar, with only small additional changes at 3 kbar. Residue 41R1 relative to the 132R1 reference monitors the position of helix C. At 2 kbar, the most probable distance at 23 Å remains unchanged, and although additional distances appear at 36 and 42 Å, they have relatively small populations. Helices D and G, monitored by 57R1 and 106R1 relative to references 132R1 and 70R1, respectively (Fig. 3 D and G) , show striking displacements to shorter distances with broad distributions at high pressure. Collectively, the data show that the high-pressure state of apoMb at pH 6 is spatially disordered, but not uniformly so, relative to its state at atmospheric pressure. Interestingly, the distance distributions at high pressure also contain the discrete populations present at atmospheric pressure, suggesting that the high-pressure ensemble includes a population corresponding to the native apoMb structure. A structural model of the high-pressure state consistent with these changes is presented in Discussion.
Comparison of Pressure-and pH-Populated MG States of ApoMb. As reviewed in the introduction, the NMR 1 H-15 N HSQC spectrum was well resolved in the pH-populated MG, and analysis showed local unfolding in the C, D, E, and F helices as well as in the N-terminal half of helix B (31, 44) . On the other hand, the pressure-populated MG state showed extreme broadening of cross peaks in the 1 H- 15 N HSQC spectrum (20) , and CD and SDSL showed that this state maintains the full helical content of the native state (13) . Thus, the two states cannot be identical, and their structural relationship is revealed in the DEER distance distributions for the two states shown in Fig. 4 . Despite the differences in secondary structure and dynamics exposed by the studies described above, the DEER data show a surprising similarity in the topology of the two MG states, except for the location of helix F in the structure. In the pH-populated MG state, the distance distribution resembles that of native apoMb, whereas the dominant population at 20 Å is largely depleted in the high-pressure state, being shifted to a broad distribution centered at greater distances (Fig. 4F) . Despite their similarity, there are interesting differences in the distributions of particular pairs. For example, for 12R1/132R1, 41R1/132R1, and 70R1/ 106R1, the overall distribution widths are greater for the pressure-populated MG, reflecting greater spatial disorder. For 31R1/70R1, the same discrete distances are present in the two states, but high pressure favors the longer distances.
Discussion
One aim of this study was to develop a methodology to kinetically trap high-pressure conformational ensembles of proteins by flash-freezing, so that DEER distance measurements may be used to determine structure and structural heterogeneity in the ensemble. If successful, DEER in this context offers the unique advantage of providing global distance constraints and analytical distance distributions that directly reveal structural heterogeneity and the amplitude of the corresponding fluctuations that are presumed to occur at ambient temperatures (25) . The success of this approach relies on the ability to kinetically trap the highpressure conformational equilibrium by flash-freezing to 200 K in the presence of glycerol as a cryoprotectant.
In evaluating the method, two questions are relevant. First, is conformational exchange slow enough at 200 K so that thermal and pressure equilibration do not occur following depressurization during the time required to cool the sample below the glass transition temperature (150 K)? Second, is the cooling time to 200 K sufficiently short compared with the characteristic relaxation time for conformational movement so that the trapped ensemble is representative of the one at ambient temperature?
To address the first question, we should consider the environment of the protein at 200 K. At the cooling rates achieved here (Fig. S1 ), the amount of ice crystal formation will be much less than that computed from the equilibrium-phase diagram of the two-component glycerol-water mixture at atmospheric pressure (45) . If the system were at thermal equilibrium during cooling, ∼80% of the water would be ice crystal as predicted by the phase diagram, thereby concentrating the protein in a supercooled water-glycerol mixture by a factor of approximately three. Analysis of the exponential background in the DEER data gives a total spin concentration similar to that of the starting solution (∼300-400 μM) (46, 47) , demonstrating that such concentration does not occur at either atmospheric pressure or high pressure. Thus, the bulk of the sample is assumed to be a supercooled solution whose viscosity at 200 K can be estimated as ≥3,000 cP at atmospheric pressure (42) and presumably is higher under pressure. In the context of Kramer's theory (48), rate constants for conformational exchange scale as η
, where η is solvent viscosity and E a is the activation energy (49). Thus, both the low thermal energy and the high viscosity conspire to slow conformational exchange at 200 K dramatically. Indeed, as delineated above, no relaxation of the distinct ensemble of apoMb frozen under high pressure occurs at 200 K after depressurization, even on a time scale of 120 min. Because the pressure effect is fully reversible (i.e., thawing a pressurized sample and refreezing at atmospheric pressure gives the native-like ensemble), this result shows that conformational movements are very slow at 200 K. Because the sample is cooled below the glass transition temperature within ∼3 min after depressurization, we tentatively conclude that the high-pressure conformational ensemble has been trapped effectively. On the other hand, small side-chain motions can occur above the glass transition temperature on the time scale of seconds, and it is likely that side-chain rotamers will equilibrate with respect to both temperature and pressure at 200 K (50). If so, the rotamer population of R1 in the DEER experiment is unchanged from that at atmospheric pressure. Under any circumstance, the pressure independence of CW spectra for R1 in holoMb to 2 kbar strongly suggests that rotameric equilibria of R1 are not pressure sensitive in the pressure range investigated (13) .
In regard to the second question above, the cooling time to reach 200 K is, in general, long compared with the characteristic relaxation time for conformational motions at ambient temperature. However, the large temperature coefficient for the viscosity of glycerol-water mixtures (42) and, in some cases, large enthalpies of activation likely slow the exchange rates sufficiently during cooling to result in kinetic entrapment. This kinetic entrapment is a basic assumption in all published DEER experiments, and considerable empirical evidence is available to justify the assumption (25, (34) (35) (36) (37) (38) (39) (40) (41) . In addition, distance distributions between spin pairs in T4 lysozyme were found to be only weakly dependent on cooling rates (32) . Typically, DEER samples are frozen in liquid nitrogen, which in fact takes longer to reach ∼223 K than the dry ice/ethanol used here (Fig. S1) , and we rely on the same body of evidence found in conventional DEER to justify kinetic entrapment during the cooling phase. For relatively unstable MG states, one must consider the possibility of cold denaturation of the protein during the early stages of the freezing process. The few studies of the rate of cold denaturation that have been published found the process to be extremely slow, on the order of minutes to hours (51) (52) (53) . Although no measurements have been made for the MG state of apoMb, we tentatively assume that the rate of cold denaturation, like that of conformational exchange, is sufficiently slow so that this process does not occur during the freezing to 200 K.
In addition to the cryoprotective function mentioned above, glycerol is a stabilizing osmolyte that favors folded states of proteins (54) (55) (56) (57) , and the effect of glycerol on the structure and conformational equilibria of Mb must be considered. A systematic SDSL-EPR study of the osmolyte effect on holoMb, apoMb, and the MG state of apoMb has been carried out for each of the labeled R1 sites used in the present experiments with sucrose as the osmolyte. In each case, addition of osmolyte had observable effects only where multicomponent EPR spectra signaled the existence of conformational equilibria. The effects were a simple shift in the equilibrium and were relatively small; for example, the largest effects were observed for equilibria involving orderdisorder equilibria in helix F, where 30% (wt/wt) sucrose resulted in a stabilization of the ordered state by approximately −0.3 kcal/mol (58) . Glycerol is a considerably weaker stabilizing osmolyte than sucrose (59) (60) (61) , and in general the perturbation of 25% (vol/vol) glycerol on conformational equilibria should be even smaller and acceptable in exchange for the cryoprotective function.
Collectively, the data presented here provide a tentative empirical validation of the methodology for trapping high-pressure states of proteins for exploration with DEER spectroscopy. In addition to providing validation, the data add another dimension to the characterization of the pressure-populated MG state of apoMb, namely, the amplitude of structural changes, and allow a comparison with the extensively characterized pH-populated MG state. The results of the experiments, beginning with holoMb, and a comparison with expectations from other methods are discussed below, leading to a model for the ensemble of apoMb in the high-pressure state.
The Apparent Compressibility of HoloMb Is Nonuniform in the Structure. Five of the seven mutants in holoMb reported here exhibit minimal changes in distance distributions as a function of pressure (Fig. 3) , consistent with previous studies that showed holoMb to be a highly ordered and well-packed protein (22, 31, 43) with minimal pressure sensitivity at pH 6 and in the pressure range used here (13, 62) . The only cases in which significant pressure-dependent changes in holoMb are seen are the mutants with R1 in the short helices C and D, which show a shift in population toward longer distances at high pressure. Crystallographic and SDSL studies found a relatively high degree of flexibility in these two helices (22, 63, 64) , and the most attractive model consistent with the data is that the alternative packing modes of the structure around helices C and D, identified by the discrete populations in the DEER distance distributions, have different molar volumes. The population shift at high pressure reflects local protein compressibility. Interestingly, compression does not result in a decrease in the total width of the distributions, as one might expect for simple compaction, but rather drives a slight increase in the distribution widths. A possible mechanism may be the hydration of packing imperfections, which lowers the partial molar volume, but enables alternative packing arrangements of the local core (65) .
DEER Reveals the Structural Diversity of the Pressure-Populated MG
State. Unlike the relatively pressure-insensitive structure of holoMb, pressurizing apoMb to 2 kbar results in extremely broad distance distributions in particular mutants, covering >25 Å in five of the seven spin pairs studied here. The increased widths reflect the increase of conformational heterogeneity in the protein. The distance distributions include discrete states corresponding to native apoMb, indicating that the excited-state ensemble includes the native conformation. In all cases, the static distributions resolved with DEER are taken to reflect conformational fluctuations at ambient temperature. Because the high-pressure state has the full helical content of the native protein (13) , it can be concluded that the fluctuations are comprised of nanometer-scale rigid-body motions of helices or helical segments (with the exception of helix F, which is locally unfolded in the native state). A tentative model for the structural origins of conformational fluctuations involving helices D, F, and G in the pressure-populated MG of apoMb is presented in Fig. 5 and discussed below. The model builds on earlier data showing that the helical content of the pressure-populated MG is the same as that of native apoMb. Because there are no secondary structural changes, the simple models of Fig. 5 assume that the distance changes monitored by a single site in a helix reflect the motion of the entire helix. In reality, independent segmental motions within individual helices are clearly possible, but the sparse dataset presented here does not permit this level of interpretation.
In the native state of apoMb, NMR, and SDSL-DEER data showed that the sequence corresponding to helix F undergoes conformational exchange involving nonhelical states that probably occupy the otherwise empty heme pocket (22, 30) . The extremely broad distribution of 87R1 (helix F) with respect to the reference site 31R1 in apoMb reflects a conformational ensemble that involves motions of ∼25 Å, consistent with conformational exchange events of this amplitude at ambient temperature. Moreover, the dominant 20-Å peak in the distance distribution requires a 15-Å displacement of 87R1 toward 31R1 from its position in holoMb (Fig. 3F) , a motion that would place 87R1 in the heme cavity. At high pressure, the 20-Å peak diminishes sharply, whereas multiple populations at longer distances grow in a broad distribution, indicating that 87R1 moves out of the heme pocket at high pressure (Fig. 5A) , forming a distribution more similar to that of holoMb.
At the N terminus of helix G, the distribution of 106R1 relative to 70R1 at atmospheric pressure is broader than that of holoMb (6 vs. 3 Å width at half-maximum; Fig. 3G ), mirroring the disorder in the N-terminal segment of the G helix identified by NMR (30, 66, 67) . High pressure produces a dramatic increase in overall breadth of the distribution, to more than 35 Å. The most dominant populations now are centered at shorter distances, revealing a displacement of 106R1 by ∼5 Å toward 70R1, requiring 106R1 to be located in the heme cavity. The model shown in Fig. 5B to account for this shift in the distribution is a twisting motion of the N-terminal segment of helix G. Because 106R1 is near the end of the helical portion of G at atmospheric pressure, it is possible that the sequence is disordered in the pressure-populated MG, so that many other specific configurations could place 106R1 in the cavity. In both the 31R1/ 87R1 and 70R1/106R1 distributions, there are populations corresponding to native apoMb at atmospheric pressure, suggesting that the F and G helical segments fluctuate between positions in and out of the heme cavity.
The distance of 57R1 relative to 132R1 monitors the position of helix D. In native apoMb, the distance distribution is broader than that for holoMb because of the appearance of additional populations, reflecting the flexibility of this short helical segment in the native apoMb state. The striking increase in width of the distribution at 2 kbar identifies conformational disorder involving fluctuations of this helix with an amplitude of ∼20 Å (Fig.  3D) . The shorter distances in the distribution suggest a large rotation of helix D to place the nitroxide of 57R1 closer to 132R1. In a previously reported model for the pH-populated MG state of apoMb, the D helix sequence fuses with the end of E to form a transient helical structure (30, 68) ; this structural rearrangement is consistent with the 22-Å distance in the high- Fig. 5 . Models for the conformational changes of selected sequences in the transition to the pressure-populated MG of apoMb at 2 kbar, pH 6. Shown are the proposed changes relative to the native structure in particular regions. In each panel, the model of the native state is based on the crystal structure of holoMb (PDB ID code: 2MBW), except for the contiguous sequence of the F helix and N terminus of G, which is locally unfolded in the native state of apoMb and is drawn in as a disordered loop in A. This sequence is omitted from B for clarity (66) . Helices are shown in cylinder representation; helices that contain reference sites are colored blue, and helices that contain sites that undergo large-amplitude motions in the pressure-populated MG are in magenta. Models for a dominant conformation in the pressure-populated MG based on DEER data at 2 kbar are superimposed and shown in red. Arrows indicate a trajectory of motion followed by each segment in the pressure-populated native-to-MG transition. pressure state and is tentatively proposed for one conformer of the pressure-populated MG ensemble.
Structural Similarity of the pH-and Pressure-Populated MG States of ApoMb. Overall, the pH-and pressure-populated MG states are more similar than different as assessed by distance mapping. The major difference lies in the spatial distribution of the F helix segment, which is located outside the heme cavity in the highpressure state but is dominated by an intracavity conformation similar to that in native apoMb in the pH-populated MG. However, the N terminus of the G helix still occupies part of that cavity in the pH-populated MG, in a location similar to that in the pressure-populated MG, indicating either that the F and G segments occupy unique sites within the cavity or that the two segments alternate between collapsed and native-like conformations out of phase with one another.
The differences between the pH-and pressure-populated MG states identified by NMR, CD, and SDSL may appear to be at odds with the obvious global similarity of the two MGs as viewed by DEER distance mapping. For example, NMR describes local unfolding in the noncore C, D, and E helices with dynamic disorder on the nanosecond time scale in the pH-populated MG, whereas CD shows the helical content of the high-pressure state to be the same as that of the native apoMb. Based on these data, one might expect the distance distributions in the pH-populated MG between sites in helices found to undergo unfolding by NMR to be broader than those in the pressure-populated state. This expectation is rooted in a model for partial unfolding of helices identified by NMR in which the entire helix collectively fluctuates between a folded and unfolded conformation. However, this model is incompatible with the DEER data, shown in Fig. 4 , in which the distance distributions between residues in the C, D, and E helices and stable references are similar in the two MGs. An alternative interpretation consistent with the DEER results is that dynamic disorder revealed by NMR and SDSL is not necessarily correlated with large-amplitude motions. Partial unfolding of secondary structure elements as deduced by NMR 13 Cα shifts may involve relatively small-amplitude local distortions that migrate along helical sequences, fluctuating on a nanosecond-to-microsecond time scale, that do not contribute to a large-amplitude motion that would be observed in the DEER distance distributions.
Structural Transitions Responsible for the Reduction of Volume at
High Pressure. Typically, pressure effects are attributed primarily to the elimination of internal cavities through hydration (12, 69) , leading to local and eventually global unfolding (20) . Based on the similar helical content of apoMb and the pressurepopulated MG state, it was suggested that pressure populates alternative packing arrangements of the helical core rather than producing local unfolding to reduce internal cavity volume (13) , and this notion is consistent with recent studies showing that pressure shifts helix-coil equilibria toward the helical conformation rather than an unfolded state (70, 71) . The high-pressure DEER data add the amplitude of conformational rearrangements involved to this model. The large degree of heterogeneity reported by the DEER distance distributions, along with the long distances populated (40-50 Å in some cases), suggest that perhaps some helices have lost close packing entirely in the MG state because of the insertion of solvent between native hydrophobic contacts (72) .
Concluding Remarks
Hydrostatic pressure is expected to access protein excited states of higher configurational entropy than the ground state. NMR and CW SDSL-EPR spectroscopy can identify sites undergoing conformational fluctuations in proteins under pressure and identify a time scale, but they do not provide a length scale for the motion or resolve the individual members in an ensemble. The results presented here establish the feasibility of kinetically trapping high-pressure conformational equilibria of spin-labeled proteins for analysis by conventional DEER instrumentation operated at atmospheric pressure. High-pressure EPR sample cells are not required, and pressures near 7 kbar can be explored with DEER using standard high-pressure equipment. The important feature of DEER is that the distance distributions directly reveal the structural heterogeneity of the excited states populated by pressure and provide a length scale for structural fluctuations. The initial results from application to the pressurepopulated MG of apoMb serve both to validate the methodology and reveal fluctuations of helices or segments thereof with amplitudes as large as 25 Å. Although the dataset presented is sparse, and the model of Fig. 5 is highly schematic, systematic application of the method with judiciously selected spin pairs can increase the resolution. The method should be general and serve to map structure and structural heterogeneity in pressurepopulated excited states in proteins of any degree of complexity, including membrane proteins.
Methods
Mb Preparation. The plasmid pET17b (EMD Millipore) containing the WT sperm whale Mb gene was generously provided by Steven Boxer (Stanford University, Stanford, CA). Double-cysteine mutants were generated in the WT background using the QuikChange Method (Agilent) and were confirmed by DNA sequencing. Four (H12C/N132C, R31C/T70C, R31C/K87C, and A57C/ N132C) of the seven mutants reported here have been published previously (22) . The mutant plasmids were transformed into and expressed in Escherichia coli BL21(DE3) cells and then were purified from inclusion bodies, spinlabeled with (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate reagent, gel-filtered (apoMb), and heme-reconstituted (holoMb) as previously described (22) . The samples were concentrated to ∼250 μM for apoMb or ∼360 μM for holoMb and were switched into a buffer containing 20 mM MES, pH 6.0, using Amicon ultra concentrators (10 kDa molecular weight cutoff) (Millipore) for variable-pressure DEER experiments. The pHpopulated MG state was prepared by switching the apoMb into a buffer containing 10 mM sodium acetate, pH 4.1, using Amicon ultra concentrators. Protein concentration was measured via absorption spectroscopy at 280 nm (e 280 = 15,400 L·mol Pressurization and Freezing of DEER Samples. Silicone pistons were made using a two-part encapsulant (Sylgard 184; Dow Corning), prepared according to the manufacturer's instructions and allowed to cure inside clean quartz capillaries (1.4 mm i.d. × 1.7 mm o.d.) (VitroCom, Inc.). After curing, the capillaries were broken open to release the silicone, which then was cut into ∼3-mm-long pistons. DEER samples were loaded into a capillary tube of the same size as that used to prepare the silicone pistons. A silicone piston was loaded into the capillary and pushed into place just above the sample, minimizing air bubbles between the sample and the piston. Ethanol was used to wash the inside of the capillary above the piston, and then fresh ethanol was used to fill the capillary. A custom-built magnetic collar (416 stainless steel) was glued onto the outside of the capillary near the top end to allow external control of the sample position within the pressure bomb using a neodymium-iron-boron ring magnet on the outside of the bomb. The loaded capillary was sealed inside a pressure bomb (60-9H4-316; High Pressure Equipment Company) connected to a pressure intensifier (Barocycler HUB440; Pressure BioSciences Inc.). The pressurization fluid inside the bomb was ethanol; water was used in the rest of the high-pressure system.
The sample capillary was positioned at the top of the bomb using the magnet. The bottom portion of the bomb was submerged in a dry ice/ethanol bath for 2 min to cool the lower half of the bomb and pressurization fluid to 200 K, while the upper half of the bomb was maintained at room temperature using a heat gun (the temperature setting and placement of the heat gun were calibrated using a mock setup of the pressure bomb and cooling bath, with a thermocouple in place of the capillary). The bomb was pressurized, and the sample was allowed to equilibrate for 30 s before freezing. The sample was moved rapidly to the cooled portion of the pressure bomb using the magnet. After 30 s, the bomb was depressurized, disconnected from the pressure intensifier, and fully submerged in the dry ice/ethanol bath for 2 min.
